Ankle function is frequently measured using static or dynamic tasks in normal and injured patients. The purpose of this study was to develop a novel task to quantify ankle dynamics and muscle activity in normal subjects. Twelve subjects with no prior ankle injuries participated. Video motion analysis cameras, force platforms, and an EMG system were used to collect data during a lateral hop movement task that consisted of multiple lateral-medial hops over an obstacle. Mean (SD) inversion ankle position at contact was 4.4° (4.0) in the medial direction and -3.5° (4.4) in the lateral direction; mean (SD) tibialis anterior normalized muscle activity was 0.11 (0.08) in the medial direction and 0.16 (0.13) in the lateral direction. The lateral hop movement was shown to be an effective task for quantifying ankle kinematics, forces, moments, and muscle activities in normal subjects. Future applications will use the lateral hop movement to assess subjects with previous ankle injuries in laboratory and clinical settings.
Keywords: clinical biomechanics, sports medicine, kinematics, kinetics, motion analysis, motor control Ankle injuries are common and were the most common injury recorded in basketball, netball, and indoor volleyball (Fong et al., 2007; Garrick, 1977; Gerber et al., 1998) . Following an ankle injury, up to 74% of patients reported recurrent injuries or chronic symptoms (Anandacoomarasamy, 2005; Yeung et al., 1994) . The ankle symptoms patients experienced were the subjective feeling of "giving way," lateral pain, crepitus, stiffness, weakness, and swelling despite appropriate rehabilitation (Anandacoomarasamy, 2005; Freeman et al., 1965; Kannus & Renstrom, 1991; Yeung et al., 1994) . Chronic ankle instability has been used to describe those patients with chronic ankle symptoms from mechanical or functional deficits (Hertel, 2002; Lynch & Renstrom, 1999) . Patients with chronic ankle instability have an increased risk of developing ankle osteoarthritis (Gross & Marti, 1999; Harrington, 1979; Larsen & Aru, 1989; Valderrabano et al., 2006) . To reduce prevalence of chronic ankle instability and risk of osteoarthritis, many techniques such as bracing, rehabilitation programs that include strength, balance and functional retraining, patient instruction, and surgery, have been developed to treat and prevent chronic ankle instability with variable success (Karlsson & Lansinger, 1992; O'Donoghue, 1976; Tropp et al., 1985) .
The dynamic tasks used to evaluate ankle biomechanics include side shuffle, V-cut (pivot), crossover cut, drop jump, walk, run, lateral step-up, forward step-up, obstacle performance, one-legged vertical jump landing, forward hop, medial hop, lateral hop, and agility hop (Bobbert & van Ingen Schenau, 1990; Booher et al., 1993; Cordova et al., 1998; Delahunt et al., 2007; Donatelli et al., 1999; Kea et al., 2001; Mann et al., 1986; Hashimoto & Inokuchi, 1997; Nishikawa et al., 2002; Stauffer, Chao, & Brewster, 1977; Nyland et al., 1997; Robinson et al., 1986; Santilli et al., 2005; Simpson et al., 1999; Neptune et al., 1999; Stacoff et al., 1996; Vandermeulen et al., 2000; Wang et al., 2003; Worrell et al., 1994) . Ankle kinematics, ground reaction forces, and electromyography have been measured during lateral movements (side shuffle and V-cut) in normal subjects and in patients with prior ankle injuries and chronic ankle instability (Cordova et al., 1998; Delahunt et al., 2007; Docherty et al., 2005; Neptune et al., 1999; Nyland et al., 1997; Stacoff et al., 1996; Simpson et al., 1999) .
Ankle sprains have occurred when the external inversion moment was greater than the internal eversion moment (Stacoff et al., 1996) . Ankle position at the time of injury has been most commonly ankle joint plantar flexion, subtalar joint inversion, and external rotation of the tibia on the fixed foot (relative inversion) (Safran et al., 1999) . During lateral movements, improper ankle position at ground contact or the inability to control the ankle when placed in a vulnerable position on the ground may lead to ankle injury (Bahr et al., 1994; Robbins et al., 1997; Robbins & Waked, 1998; Trott, 1983) . However, no study has measured ankle kinematics, kinetics, and EMG during a lateral hop movement over an obstacle in normal individuals or those with chronic ankle instability. Thus, the purpose of this study was to develop and test a task that could be effective in assessing ankle dynamics and muscle activity initially in normal subjects and then eventually those with chronic ankle instability in the research laboratory and clinical settings. The lateral hop movement task over an obstacle was chosen for measurements, because it was difficult for the subjects to perform, it attempted to reproduce a landing position in which ankle injuries commonly occur, the task could be standardized so ankle dynamics and muscle activity could be measured in subjects with ankle injuries, and it eventually could be used in a clinical setting to assess ankle function and response to a rehabilitation program.
Methods

Subjects
Twelve subjects (7 men and 5 women; mean [SD] 
Instruments
Eight Falcon (Expert Vision, Motion Analysis System Corp., Santa Rosa, CA) high-resolution, high-speed cameras were used to measure kinematics. Reflective markers (2.5 cm in diameter) were attached to the skin of the lower leg and foot of the test lower extremity. The undersurface of the rubber mount of the kinematic marker was directly attached to the skin with an adhesive ring and medical tape was fastened on top of the rubber mount to limit movement of the marker on the skin. Marker positions were as follows: leg-proximal head of fibula, medial malleolus, lateral malleolus; and foot-lateral calcaneus, dorsal midfoot, dorsal first metatarsal phalangeal joint. Kinematic data were collected at 240 Hz during the lateral hop movement. Two force platforms (Kistler, 9286, Winterthur, Switzerland and AMTI, OR6-5, Watertown, MA) placed side by side with the obstacle between them recorded kinetics at 2400 Hz. Disposable, self-adhesive Ag/AgCl snap dual round surface electrodes (Noraxon Dual Electrodes, Noraxon USA Inc., Scottsdale, AZ) were used to collect EMG signals. Before electrode placement, the skin was cleaned with alcohol wipes and shaved with a new razor. The electrodes were placed over the center of the muscle belly in the midline of the tibialis anterior, medial gastrocnemius, soleus, and peroneus longus muscles. The interelectrode distance was 2 cm. A single ground electrode was placed on the bony prominence of the lateral femoral condyle. Electrodes and wires were secured with medical tape on the skin to limit movement during the lateral hop movement. The electrode wires were connected to the electrodes via a snap on one side and into the input box via a single attachment on the other end. The EMG signals were amplified 10 cm proximal to the wire and electrode connection. The input box was fitted into a pack and worn by the subject secured by straps. There was a hard wire connection between the input box and data collection computer. The EMG signals were collected at 2400 Hz and the collection system had the following specifications: impedance 10 GΩ, CMMR 120 dB, noise referred to input 1 mV, and bandwidth filtering of 10-500 Hz at 3 dB (Biovision Instruction Manual, 2003) . The cameras, force platforms, and electromyographic system interfaced with a computer data collection system (Eva, Version 5.00, 1998, Motion Analysis Corp., Santa Rosa, CA).
Design
Data collection was performed for each subject on a single day for all measurements.
Procedure
The lateral hop movement consisted of consecutive medial and lateral hops over an obstacle (width 72.5 cm, depth 25.5 cm, height 14.3 cm) onto adjacent force platforms. Specifically, the subject started with both feet shoulder width apart on one of the force platforms. The feet were parallel to the obstacle, and the test lower extremity was the farthest from the obstacle. The subject raised the non-test lower extremity so that only the test lower extremity was on the force platform. At the command of "start," the subject jumped medially off the test lower extremity over the obstacle to land again on the test lower extremity on the other force platform. As soon as possible, the subject jumped laterally off the test lower extremity over the obstacle onto the other force platform. This movement continued for the 6 s trial. Each subject was instructed to perform as many hops as possible during each trial. Subjects were instructed to land in the center of the force platform for every lateral hop. In addition, they tried to maintain their balance on the test lower extremity during the landing phase of each lateral hop.
Practice trials in the medial and lateral directions were performed before data collection. Fifteen successful trials were performed on the test lower extremity. Thirty seconds of rest was allowed between each trial. If the contralateral lower extremity was also tested, the setup and testing protocol for the second lower extremity was exactly the same as the first lower extremity, with at least 15 min of rest between data collection of each lower extremity.
Outcome Measures
The lateral hop events were contact, midcontact, takeoff, midflight, and impact (Figure 1) . Midcontact was the midpoint in time between ground contact and takeoff. Midflight was the midpoint in time between takeoff and contact. Impact was 50 ms after ground contact. The lateral hop phases were early contact, late contact, early flight, late flight, preimpact, postimpact, and premidcontact (Figure 1) .
The outcome measures were as follows: ankle positions-inversion, adduction, and dorsiflexion angles; forces-lateral, anterior, and downward directions; ankle moments-inversion, adduction, and dorsiflexion; and muscle activities-tibialis anterior, medial gastrocnemius, soleus, and peroneus longus muscles.
Data and Statistical Analyses
Vertical ground reaction forces were used to establish contact and takeoff event times. Ground contact was defined as the time when the vertical force increased to greater than 25 N, and takeoff was the time when the force decreased to less than 25 N. A joint coordinate system was used for the clinical parameterization of the ankle rotations and moments-plantar flexion/dorsiflexion, abduction/adduction, and inversion/eversion. Kintrak (V-6.2.2, Motion Analysis Corp., Santa Rosa, CA) was used to calculate inversion, adduction, and dorsiflexion position angles and moments as well as forces in the x (medial/lateral), y (anterior/posterior), and z (upward/ downward) directions. The kinematic, force, and moment data were all filtered with a 4th-order Butterworth filter with a 15 Hz cut-off frequency. The EMG signal amplitudes were determined by the root mean square method using a moving 10 ms window. All amplitude data were normalized as a percentage of maximal amplitude of that muscle for each trial.
All outcome measures were analyzed (SPSS 13.0 for Windows, Apache Software Foundation), and means and standard deviations were calculated. The mean value of the middle five trials of each outcome measure was used for statistical analysis. A subset of subjects was investigated for intersession and intrasession reliabilities.
Results
Inversion ankle position increased during contact in the medial direction and increased eversion ankle position during contact in the lateral direction (Table 1 ). There was a large range of dorsiflexion ankle positions during the lateral hop movement. The lateral forces at contact and takeoff in the medial and lateral directions were less than body mass, but increased to over twice body mass at the impact event ( Table 2 ). The inversion ankle moments were less than 1% of body mass at contact, but increased to about 5% of body mass by impact and midcontact events in the medial and lateral directions (Table 3 ). The dorsiflexion ankle moments were about 1% of body mass at contact, but increased to about 7.5% of body mass by impact and midcontact events. The tibialis anterior muscle activity was highest at takeoff and lower, but of similar magnitude, at the other lateral hop events (Table 4) . Note. Figure 1 illustrates the lateral hop events. Note. Figure 1 illustrates the lateral hop events. Note. Figure 1 illustrates the lateral hop events.
Intrasession reliability was determined by comparing the mean for the first five trials, middle five trials, and last five trials for each outcome measure. Mean values for the first five trials, middle five trials, and last five trials, respectively, were as follows: dorsiflexion position 87.7°, 85.6°, and 88.1° (mean ± SD: 87.1 ± 1.3°); downward force 18.6 N/kg, 17.4 N/kg, and 17.5 N/kg (17.8 ± 0.7 N/kg); inversion moment 0.17 Nm/kg, 0.14 Nm/kg, and 0.16 Nm/kg (0.14 ± 0.04 Nm/kg); and tibialis anterior muscle activity 0.16, 0.17, and 0.17 (0.17 ± 0.01). Inter- 
Discussion
This study quantified the ankle dynamics and muscle activity during a new task, the lateral hop movement. Intrasession and intersession reliability results were stable throughout the testing session and between testing days, suggesting that data acquisition and analysis techniques were robust with minimal learning effects. Comparisons to other lateral tasks were not conducted, because the biomechanics of such movements are different.
The ankle positions during the lateral hop movement were a reflection of the positions required to perform the task successfully, the changes that occurred due to foot landing position and the movement directions, and the ability of the ankle to minimize the risk of injury. The inversion ankle position was 3.1° at takeoff, -3.3° at contact, and -0.3° at midcontact moving in the lateral direction. This change in inversion position could have been an adaptation to the lateral hop movement task. Specifically, the individuals minimized inversion at contact in the lateral direction to increase ankle stability and reduce the risk of injury. The greater eversion position at contact allowed the increase in ankle inversion during contact and likely decreased the risk in ankle injury.
The dorsiflexion ankle position was 85.9° at takeoff, 98.9° at midflight, 77.9° at contact, and 117.3° at midcontact moving in the lateral direction. There was greater dorsiflexion ankle position at midflight to ensure clearance of the foot over the obstacle so the subject would not stumble during the lateral hop movement. The ankle was plantar flexed at contact, but this position changed by 39.6° by midcontact as result of the downward motion and initial contact position of the forefoot.
Vertical forces increased from 4.56 N/kg at contact to 15.24 N/kg at impact to reflect the primary component of the landing of the lateral hop movement. Lateral forces also increased, but anterior forces did not change substantially. Inversion ankle moments in the lateral direction increased from 0.08 N•m/kg at contact to 0.60 N•m/kg at impact, while ankle dorsiflexion moments in the lateral direction increased from -0.13 N•m/kg at contact to -0.86 N•m/kg at impact. These results suggested that the lateral motion of the lateral hop movement had a greater moment during the initial stage of contact that may have increased the load on the ankle joint structures. Repeated movements in the lateral direction with these loads may eventually cause microinjury to the stabilizing structures of the joint (e.g., ligament, capsule, muscle, or tendons), and in time increase the risk of an ankle injury.
Potentially, tibialis anterior and peroneus longus muscles may have to increase their activity levels from midflight to midcontact to protect the ankle from injury. Tibialis anterior and peroneus longus muscle activity was 0.11 and 0.15 at midflight, 0.16 and 0.23 at contact, and 0.10 and 0.22 at midcontact, respectively. Although the tibialis anterior and peroneus longus muscles had greater activity at contact, the increase was not as dramatic as expected to prepare the ankle for contact. In addition, the greater dorsiflexion that occurred during the early contact phase was likely a reflection of the downward force and forefoot landing position of the lateral hop movement rather than increased tibialis anterior activity. Note. The unit is EMG amplitude normalized to maximal value for each trial.
The results of the current study suggested that the lateral hop movement can be an effective task to measure ankle dynamics and muscle activity in subjects with no prior ankle injuries. Future studies will use the lateral hop movement to investigate whether the ankle function is differentiated in subjects with acute and chronic ankle injuries in both laboratory and clinical settings.
